Abstract: Dipolar waves describe the structure and topology of helices in membrane proteins. The fit of sinusoids with the 3.6 residues per turn period of ideal R-helices to experimental measurements of dipolar couplings as a function of residue number makes it possible to simultaneously identify the residues in the helices, detect kinks or curvature in the helices, and determine the absolute rotations and orientations of helices in completely aligned bilayer samples and relative rotations and orientations of helices in a common molecular frame in weakly aligned micelle samples. Since as much as 80% of the structured residues in a membrane protein are in helices, the analysis of dipolar waves provides a significant step toward structure determination of helical membrane proteins by NMR spectroscopy.
Introduction
Helical membrane proteins are ideal candidates for analysis with dipolar waves. 1,2 Like PISA (polarity index slant angle) Wheels, 3,4 from which they are derived, dipolar waves are a representation of the mapping of protein structure onto NMR spectra through the anisotropic nuclear spin interactions in aligned samples. Sinusoidal oscillations of chemical shift 5 and dipolar coupling 1,2 frequencies have been analyzed for helical residues in membrane proteins. As much as 80% of the structured residues of membrane proteins are in helices. Not only is little or no other regular secondary structure present in the turns, loops, and terminal regions but also substantial internal motions affect many of the nonhelical residues. As a result, identifying and characterizing the relative rotations and orientations of the helices in proteins and their global orientations in the bilayer go a long ways toward determining the threedimensional structures and topologies of membrane proteins.
Previous structural studies of helical membrane proteins focused on the topology of their helices by using chemical modifications as a probe, 6,7 diffraction experiments, 8,9 electron microscopy, 10 and magnetic resonance experiments, including some that make use of the 3.6 residues per turn periodicity of R-helices. 11,12 Recent X-ray diffraction structures of relatively small channel-forming proteins provide considerable detail about the properties of helices in membrane proteins. [13] [14] [15] [16] [17] In this article, applications of dipolar waves to membrane proteins are illustrated using examples of 20-80 residue polypeptides with representative transmembrane and in-plane helices. Since many membrane proteins appear to be assembled from modules of these structural elements, this approach may be scalable to substantially larger membrane proteins. The experimental results enable comparisons to be made between the same residues in polypeptides corresponding to individual helical domains and full-length proteins to address the influence of protein context and in micelle and bilayer samples to address the influence of lipid context on their structural properties. The relatively large amounts of membrane-associated polypeptides required for NMR studies can be prepared by expression in bacteria, which offers opportunities for uniform 15 of the backbone. 18 Membrane-associated polypeptides can be expressed as inclusion body-forming fusion proteins and then isolated, purified, and reconstituted with lipids that self-assemble to form micelles, bicelles, or bilayers. 19 With careful sample preparation, it is possible to obtain well-resolved NMR spectra of membrane proteins in all three types of samples using a combination of solution NMR and solid-state NMR instruments and methods. 20 A few reports on solution NMR of proteins with multiple transmembrane helices have described spectral complexities in the form of missing, doubled, and broadened resonances due to the variable effects of internal dynamics of loop regions as well as the transmembrane helices themselves. [21] [22] [23] Although high-quality solution NMR spectra have been obtained for some moderately large membrane proteins, 20, 24, 25 there are only a few examples where it has been possible to resolve and assign a sufficient number of "long-range" NOEs to determine protein folds that include the helices. [26] [27] [28] However, this limitation is largely overcome by the preparation of weakly aligned micelle samples [29] [30] [31] for the measurement of residual dipolar couplings (RDCs) 32 with solution NMR experiments and the preparation of completely aligned bilayer samples for the measurement of unaveraged dipolar couplings 33 with solid-state NMR experiments. The three-dimensional structures of several membrane peptides and proteins have been determined by solidstate NMR spectroscopy. [34] [35] [36] Dipolar waves provide direct and rapid access to the dominant features of helical membrane proteins. This is a result of the fact that the periodicity of R-helices is mapped onto NMR spectra in a straightforward manner by the anisotropy of dipolar couplings. The fit of the magnitudes of the 1 H-15 N dipolar couplings from the backbone amide sites of the polypeptides as a function of residue number to sinusoids of periodicity 3.6 can be used to characterize the lengths, deformations, orientations, and rotations of hydrophobic and amphipathic R-helices in both bilayer and micelle environments. 2 While characterization of the lengths and deformations of helices can be accomplished without an explicit determination of the overall orientation of the molecule, solid-state NMR experiments on completely aligned samples enable the determination of the absolute orientation within the bilayer and, hence, the overall topology of the protein.
Experimental Methods
Sample Preparation. All of the polypeptides were expressed in E. coli grown in minimal media with ( 15 NH4)2SO4 as the sole nitrogen source. The expression, isolation, purification, and preparation of completely aligned bilayer samples of the 25-residue acetylcholine M2 peptide 35 and the 50-residue fd coat protein 33 (Y21M mutant) have been described. The 20-residue peptide corresponding to the N-terminal amphipathic helix of the fd coat protein (fd N ) was expressed with a KetoSteroid Isomerase/His tag fusion as multiple tandem copies in the pET31 expression vector (Novagen, Madison, WI) in BLR(DE3) pLysS cells (Novagen, Madison, WI). The fusion protein was isolated on Ni 2+ resin, cleaved with cyanogen bromide, and purified by ultrafiltration followed by HPLC. MerF was expressed as a fusion with an N-terminal His-tag and a Trp leader peptide as previously described for another membrane protein of the same size 37 using the Trp-∆LE plasmid in BL21(DE3) PlysS cells. Following isolation and cleavage of the fusion protein, final purification of the 80-residue MerF polypeptide was accomplished using size-exclusion chromatography.
Completely aligned lipid bilayers were formed by depositing lipid/ protein mixtures onto thin glass slides, which were then dehydrated and rehydrated by incubation in a sealed chamber with 94% relative humidity at 42°C. Solution NMR samples of the fd coat protein and the fd N peptide were made with 1 mM 15 N-labeled protein in 500 mM SDS, 40 mM NaCl at pH 4.0. Samples of the 80-residue MerF protein were made in 600 mM SDS, 20 mM PO4 buffer, and 40 mM DTT at pH 6.5. The samples of the fd coat protein and the fd N peptide in micelles were weakly aligned in a 7% polyacrylamide gel by soaking the protein solution into the gel and limiting the length of expansion in the NMR sample tube to induce strain alignment. MerF was weakly aligned in micelles by addition of Dy 2+ to the solution NMR sample, as previously described.
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NMR Experiments. Solid-state NMR experiments were performed on aligned lipid bilayers with the bilayer normal parallel to the direction of the applied magnetic field. Hydrated slides were wrapped in plastic film, heat-sealed in polyethylene tubing, and placed inside the "flatcoil" of a probe double-tuned for the 1 H and 15 N resonance frequencies of 700 and 70 MHz. Experiments were performed on a home-built spectrometer with a mid-bore 700/62 magnet (Magnex Scientific, Oxford, UK). Unaveraged 1 H-15 N dipolar coupling frequencies were measured from two-dimensional PISEMA spectra. 33, 38 Solution NMR experiments were performed on a Bruker DRX 600 MHz spectrometer. 1 H-15 N residual dipolar couplings were measured using the IPAP-HSQC 39 experiment modified for the suppression of NH2 signals from polyacrylamide.
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Calculations. The sinusoidal oscillations of 1 H-15 N dipolar couplings as a function of residue number are a direct consequence of the individual backbone NH bonds in an ideal R-helix being distributed on a cone and tilted at an angle δ ()15.8°) away from its long axis ( Figure 1A ). Indeed, information about the orientations of helices is manifested in the amplitudes, average values, and phases of the sinusoids that characterize the periodic oscillations of the dipolar couplings as a function of residue number. 1,2 The distribution of the θ and φ angles for each NH bond on this cone is described by the expression 2 :
with cos θ ) cos θav cos δ -sin θav sin δ cos(F -F0) and φ ) φav +
The fitting of this expression to simple sinusoids, which have been fitted to experimental measurements, yields information about the orientations of helices in the relevant frame of reference. In the case of completely aligned samples, the orientation of the z-axis of the alignment frame is parallel to the magnetic field direction, the magnitude is equal to that of the full static 1 H-15 N heteronuclear dipolar interaction, and the rhombicity contribution for a uniaxially aligned sample is zero. For weakly aligned samples, the magnitude and rhombicity of the alignment tensor are determined from the range of values observed in the experimental data. The magnitude and rhombicity of the alignment tensor can also be determined by best fitting eq 1 to the experimental data with all five variables (D a, R, θ, φ, and F) allowed to vary in the fitting. This method is less robust, and it is common to find small variations from one helix to the next in the same polypeptide.
The identification of the residues in each helix was accomplished by nonlinear optimization of the fit of the phase and amplitude of a simple sinusoid of periodicity 3.6. A sliding window function of four or six residues was applied to the entire sequence. For the identification of helices, no information about the magnitude and rhombicity of the alignment is utilized. The amplitude, average value, and phase of the fitted sinusoids are not used directly at this stage of the process to determine the orientation of the helix. Contiguous residues are designated as constituting a helix when the average error per point for each window is less than or similar to the experimental error of the measurements, which we estimate to be 0.2 kHz for unaveraged dipolar couplings and 0.4 Hz for residual dipolar couplings. The average error per point shows that the periodicity in all cases is 3.6 except near the ends where this periodicity is disrupted. (G, H, I) The phase is also diagnostic, where the kink is evidenced by a slight change in the phase of one sinusoid relative to the other. Values for the magnitude and rhombicity of the alignment tensor are then held fixed, and nonlinear least-squares fitting is used to determine the values of θav, φav, and F0 that optimize the fit of the geometry of an ideal R-helix to the experimentally determined bestfitting sinusoid. The parametrized expression is written as a function of residue number n with F -F0 ) (360°/3.6)n -F0; θav and φav are the spherical polar angles that describe the orientation of the helix axis in the frame of reference that describes the alignment of the protein in a frame which describes the orientation of the molecule. The rotation of a particular residue in a helix, ωn, is given by the value of (F -F0) for that residue, thus defining the overall rotation of the helix in the alignment frame. Simple models of ideal R-helices (Φ ) -62°, Ψ ) -41°) are rotated to their orientations using the screen x, y, and z axes as the axes of the alignment tensor, positioned using MOLMOL 41 so that the lengths of loops between helical segments correspond to 3.0 Å times the number of residues in that loop. Selected side chains are added to backbone structures as their most probable rotamer using the program SCWRL, 42 which enables the rotation angle of the helices to be visualized.
For data obtained from completely aligned bilayer samples, the uniaxial symmetry allows the unambiguous determinations of the tilt angle of the helix in the bilayer as well as the rotation angle about the long axis of the helix. For weakly aligned proteins, the dependence of the averaging on the azimuthal angle φ is taken into account, resulting in four possible orientations for a particular helix in the order frame. . These ambiguities can be resolved by comparison to data obtained from a differently aligned sample. 43 For kinked helices or helices connected by short linkers, the number of possibilities are further limited by the covalent geometry of the molecule, and for clarity, this is considered as only one solution. It is also possible to identify the actual orientations of helices by reference to solid-state NMR data obtained on completely aligned samples.
To demonstrate the effects of deviations from ideal geometry on the appearance of dipolar waves simulated values for the unaveraged 1 H-15 N dipolar couplings are shown for typical deviations from ideality in Figure 2 . In general, the periodicity is unaffected, while the changes in average value and amplitude reflect the change in orientation of the local helix axis. Curvature gradually changes these values, and kinks cause abrupt changes.
Results
The unaveraged dipolar couplings for all backbone amide sites of the uniformly 15 N labeled channel-forming M2 peptide plotted in Figure 3A were measured from a two-dimensional PISEMA spectrum obtained on a completely aligned bilayer sample. 35 The sinusoid that best fits those dipolar couplings that oscillate with a periodicity of 3.6 residues per turn is superimposed on the experimental data in Figure 3A . The quantitative results of the application of a four-residue sliding-window scoring function 2 to the M2 peptide data are shown in Figure 3B and C. 
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They show that the experimental dipolar coupling data oscillate with a periodicity of 3.6 between residues S4 through S21 but not for the C-and N-terminal residues. The average error per measurement for the sinusoid shown in Figure 3A for residues S4 through S21 is 160 Hz, which is less than the experimental error. Not only does the sinusoid fit the periodic oscillations of the data extremely well but also it has constant phase, as shown in Figure 3C . Taken together, the parameters in Figure 3 demonstrate that residues S4 through S21 form a nearly ideal R-helix that crosses the bilayer with a tilt angle of 14°. In addition, the positions of the experimental data points on the dipolar wave reflect the rotation of the helix in the bilayer. The side chains of the pore-lining residues S4, S8, V15, and L18 44 are highlighted in Figure 3D in the context of a helical wheel diagram. 45 The position of F 0 determined from the fit and parametrization reflects the position in the helix that is tilted farthest away from the alignment z-axis. The rotations of residues S4 and L18 can be determined from their position along the sinusoid with values of 323°and 253°for S8 and L18, respectively. Because the polypeptide is immobile and completely aligned in the bilayer sample, the global orientation and the tilt and rotation of the helix are determined by the properties of the dipolar wave and are illustrated in Figure 3E . The dipolar wave indicates that the helix is straight, has a tilt of 14°, and has the rotation shown in Figure 3E , all in agreement with the previously determined three-dimensional structure. 35 The 50-residue fd coat protein is a typical membrane protein with a long hydrophobic transmembrane helix and a shorter amphipathic in-plane helix connected by a turn or loop, 26, 46 and it has mobile C-and N-terminal residues. The secondary structures and relative orientations of the helices in the membrane-bound form of the fd coat protein can be directly determined from the experimental data and fits to sinusoids shown in Figure 4 . The results of three experiments on two different polypeptides, the full-length fd coat protein and the 20-residue fd N peptide that corresponds to the N-terminal amphipathic helix of the coat protein, are analyzed in the figure. The dipolar couplings in Figure 4A were measured on a sample of the coat protein in completely aligned bilayers, while the residual dipolar couplings in Figure 4B and C were measured from samples of the 50-residue and 20-residue polypeptides, respectively, in weakly aligned micelles. The protein has very similar properties in bilayer and micelle environments. For example, using the periodicity of the oscillations of the dipolar couplings as a strict criterion, the number of residues in the N-terminal amphipathic helix is well defined and nearly identical in all three samples. Similarly, the length and other properties of the hydrophobic helix in the full-length protein are the same in micelles and bilayers. The average error per measurement for the fit of a four-residue sliding window function is shown in Figure 4D , E, and F, and the absolute phases for each window are shown in Figure 4G , H, and I. The large increase in the score between residues Q15 and I22 in Figure 4D and E is evidence of the lack of periodicity in the structures of the residues in the loop connecting the two helices. The helices are straight within experimental error, as evidenced by the low fitting errors for each helix. The average error per residue is 200 Hz for the solid-state NMR data shown in Figure 4A and 0.4 Hz for the solution NMR data for each helix in Figure 4B and C.
The amphipathic R-helix begins at A7 (which follows P6) and ends at T19 in bilayers and S17 in micelles. There are few discernible differences in the N-terminal helix due to the presence of the hydrophobic helix, demonstrating that the two helices are independent structural entities. In addition, there are no noticeable differences in the properties of this helix in micelle and bilayer samples, indicating that this helix is not affected by the curvature or another property of the lipid assembly. This differs from a recent result on a different, longer polypeptide compared in micelle and bicelle samples. 47 The positions of residues F11, W26, and F42 are used as markers to characterize the rotations of the helices in the context of helical wheel diagrams ( Figure 4J, K, L) . The tilt angles and rotations of the R-helices determined in their alignment frames by dipolar waves are used to generate the models of the fd coat protein in bilayers shown in Figure 5A and in micelles in Figure 5B , which illustrate the orientational ambiguities in these data. The solidstate NMR data on an aligned bilayer sample give the absolute orientation of the amphipathic helix with the uniaxial distribution of possibilities shown. The four possible relative orientations of the amphipathic helix are also shown in Figure 5 . These types of ambiguities can generally be resolved for membrane proteins through additional data, comparisons of solid-state NMR and solution NMR data, and structural restraints where there are only a few residues separating helical segments.
A detail of the membrane-bound form of the coat protein structure that may have significance when it is assembled into bacteriophage particles is the change in helix direction after residue G38. Remarkably, this same kink is found in the membrane-bound form of the protein, in both micelles ( Figure  4A ) and bilayers ( Figure 4B) , and in the structural form of the protein that interacts with DNA but not lipids in the coat of the bacteriophage particles. 48 This kink is evident from the rise in the score for that region of the helix in Figure 4D and less dramatically in Figure 4E . The irregular patterns of the dipolar couplings of the residues connecting the amphipathic and The same data with the best fitting sinusoids of a periodicity of 3.6 superimposed on the data. Parts E and G show that the scoring functions for a periodicity of 3.6 residues in the case of the 3.2 Å structure are not able to determine the locations of the two long helices. Parts F and H are more typical of well-fitted sinusoids showing that the score is low along all three helices and the phase is nearly constant as well.
hydrophobic helices demonstrate that there are substantial differences between the short bend in bilayers and the larger, more complex loop structure in micelles. There is evidence from relaxation data that these residues have internal mobility in the micelle samples. 26 In bilayers, the trans-membrane helix begins at residue Y21, while in micelles this helix begins at W26. This points to the importance of paying particular attention to residues near the bilayer interface in structural studies of membrane proteins. In general, the small size of the interhelical loops in bilayer samples restricts the possible relative orientations of the two helices, thereby limiting the ambiguities in helix orientations. 46 MerF is an 80-residue (as expressed) mercuric ion transporter associated with the bacterial mercury detoxification system found in bacteria that display resistance to toxic levels of Hg 2+ ions. 49 The dipolar waves fitted to the RDCs measured from experiments on weakly aligned MerF in micelles are shown in Figure 6A . Most models for this protein based on hydropathy plots and genetic data have two transmembrane helices. However, the scoring parameters shown in Figure 6B , C indicate that there are two major breaks in the 3.6 residue per turn periodicity, near residue C21 and near residue G40. The smaller apparent increase in score near A38 reflects two missing RDC measurements. The helix orientations obtained from these fits and shown in Figure 6D are consistent with the break at C20 arising from a kink and the four residues between L38 to L42 constituting a loop between the two hydrophobic helices. Significantly, C20 and C21 are essential for the Hg 2+ -binding function of the protein; therefore, a break in the helix at this position is compatible with their ability to bind and transport Hg 2+ ions across the cell membrane. Four symmetry-related models are consistent with the NMR data. Taking into account the high hydrophobicity of the residues in the first helix leads to the selection of the model that is most realistic (F). This is also the model that is in accord with solid-state NMR measurements on bilayer samples. It is interesting to note that this model places F53 beside the functional C20, a detail that this protein has in common with MerP, 50 its periplasmic Hg 2+ binding partner. This is in keeping with the high level of conservation of this phenylalanine in MerF and a number of related proteins. Thus, the structural information derived from dipolar waves can lead to plausible speculation about the roles of specific residues in the function of a membrane protein.
Discussion
Dipolar waves are sensitive indicators of the structures, orientations, and rotations of helices in proteins; therefore, they are well suited for the characterization of helical membrane proteins. The high quality of the fits of the experimental data in Figures 2, 3 , and 6 to ideal sinusoids is consistent with little or no deviation from the structure of an ideal R-helix. Indeed, abrupt changes in score or phase are diagnostic of kinks. Curvature of helices can also be detected through the use of dipolar waves.
The sensitivity of dipolar waves to deviations from ideality of helices in membrane proteins is demonstrated in Figure 7A and B using dipolar coupling data simulated from the structure of the bacterial potassium channel KcsA determined at two different levels of resolution. 13,14 It can be seen from simulations of the unaveraged 1 H-15 N dipolar couplings that while the helical structure can be identified in the 3.2 Å resolution structure, the irregularity of this structure is sufficient to affect the appearance of the dipolar waves, and the periodicity of the two long helices is difficult to discern. Only helix 2 shows clear periodicity in the scores in Figure 7E , G. In contrast, dipolar couplings simulated from the 2 Å resolution structure show unmistakable periodicity. The scoring in Figure 7F , H identifies all three helices and clearly defines their boundaries. Moreover, the decrease in the magnitudes of the dipolar couplings along the sequence is evidence of the curvature of helix 1. The long helix 3 also shows some evidence of curvature but less than that for the first helix. The backbone RMSD between the two crystal structures is only 0.7 Å, yet there are dramatic differences in the oscillatory behavior that demonstrate the sensitivity of dipolar waves to structural details. Only in the higher resolution example can tilt angles and rotations of these helices be reliably extracted from fits to the dipolar couplings. This example demonstrates that when the experimental NMR data show analyzable periodic oscillations, such as the data in Figures 3,  4 , and 6, then the structural analysis with dipolar waves yields results that have a resolution equivalent to RMSDs less than 2 Å. Thus, dipolar waves have the potential to provide atomic resolution structures of large portions of the backbones of membrane proteins.
The structural features of the membrane peptides and proteins analyzed with dipolar waves are compared in the context of lipid bilayers in Figure 8 . The helix orientations shown in Figure  8 parts A and B are determined from experiments performed on completely aligned lipid bilayer samples; therefore, they reflect the global orientation of the protein in the bilayer. The helix orientations shown in Figure 8 parts C, D, and E are based on results from weakly aligned micelle samples. Therefore, the relative orientations of helices in the same polypeptide are based on dipolar waves, but the global orientations reflect comparisons with solid-state NMR data. Figure 8 parts B and C compare the structures of the fd coat protein in bilayer and micelle environments, while that in Figure 8D extends the comparison to the effects of truncation of the protein on the structure and orientation of the N-terminal amphipathic helix.
The conformations of 63%-72% of all residues in the examples of small helical membrane proteins shown in Figure  8 are characterized with atomic resolution by dipolar waves. Since there are generally several mobile residues at the termini and in interhelical loops of small helical membrane proteins, dipolar waves may be able to describe as many as 80% of the structured residues in this class of proteins. Therefore, they have the potential to provide a straightforward method for determining major portions of the three-dimensional structures of membrane proteins with multiple helices. Further, the experiments can be performed in ways 46,51 that lead to the high throughput needed for characterization of a large fraction of proteomes that are helical membrane proteins.
